Commensal microorganisms colonize the nasal mucosa without inducing inflammation. Pathogens perturbing the commensal flora often invade evading immune defenses. The different types of adaptive responses that drive the distinct behaviors of commensals and pathogens, allowing one to persist at mucosal surfaces and the other to survive within tissues, are not yet clear. In the present work we demonstrate that although crossing epithelial barriers, the commensal Lactobacillus murinus stimulates epitope-specific CD4 + T cells in nasal-associated lymphoid tissue (NALT) less efficiently than the pathogen Streptococcus pyogenes . In NALT antigen-presenting cells other than CCR6 + CD11c + dendritic cells process and present the microbial antigens. Effector / memory CD4 + T cells generated after intranasal priming with L. murinus and S. pyogenes surprisingly express similar proinflammatory cytokines and are not CD25 + / FoxP3 + T-regulatory cells when recirculating in the spleen. These findings suggest that when a commensal crosses the nasal epithelial barrier it induces a proinflammatory response similar to a pathogen but without causing disease.
INTRODUCTION
Infections initiated at upper respiratory tract are one of the most prevalent worldwide, 1 particularly affecting the young and the immunocompromised. 2, 3 Invasive pathogens like Streptococcus pyogenes , often persist and are difficult to eradicate because they can acquire intracellular location avoiding antibiotics 4, 5 and ultimately residing within normal commensal microbial communities in healthy individuals. 6 Alternatively, commensal microbes permanently reside in such ecological niches and at least in the gastrointestinal tract, appear to be readily eliminated once they cross the epithelial barriers. 7 The B-cell response against T-independent antigens (carbohydrates and lipopolysaccharides), provides low affinity, isotype switched secretory immunoglobulins 8 that limit microbial translocation across epithelial barriers. 9 Alternatively, the induction of protective, high affinity, isotype switched, secretory immunoglobulins against T-cell-dependent antigens is subordinate to T-cell activation, 10 cognate T / B-cell interaction, 11 and cytokine production. 12 -15 The phenotype of memory T-cell and the subsequent adaptive secretory humoral immune response are therefore central to shaping the microbial community on mucosal tissues and protecting against virulent pathogens.
Despite the presence of a substantial microbiota on the surface of the epithelium, 16 the absence of inflammation within the submucosa of the upper respiratory tract contrasted with the sustained proinflammatory response elicited by an invading pathogen 17 suggest two possible hypotheses. First, commensal microorganisms do not cross the epithelial barrier efficiently, compared to pathogens, or there is an inherent substantial difference between commensals and pathogens in their potentials to activate the innate and consequently the adaptive mucosal immune response.
In this study we hypothesized that a commensal Lactobacillus induces the differentiation of T-helper cells with regulatory and / or immunosuppressive phenotype, whereas S. pyogenes would induce T cells expressing proinflammatory cytokines. To test this hypothesis we tracked the antigen-specific Tcell response against Lactobacillus murinus and a strain of S. pyogenes , both tagged with a chicken ovalbumin peptide 323 -339 (OVA). Specific for OVA on I-A d molecules, CD4 + T cells from the T-cell receptor (TCR)-transgenic mouse line DO11.10 18 were injected into normal syngeneic mice and tracked with flow cytometry by staining cells in the recipient ' s lymphoid organs with anti-CD4 and the anticlonotypic KJ1-26 mAb. 19, 20 This strategy is extremely powerful because it allows studying the antigen-specific memory T-cell response at the ARTICLES single-cell level after tagged bacteria are delivered to the upper respiratory tract.
RESULTS

Viable L. murinus and S. pyogenes are recovered in NALT tissues
After a single intranasal inoculation ( Figure 1a ), we recovered seven times more S. pyogenes CFUs per gram of nasal-associated lymphoid tissue (NALT) tissue than three consecutive inocula of L. murinus ( Figure 1b ). Despite delivering 10 times more L. murinus CFUs per inoculation over 3-day period, more S. pyogenes was recovered from NALT 4 days after a single inoculation. This indicates that both bacteria translocate across the nasal follicle-associated epithelium (NFAE) but S. pyogenes either translocates by microfold-cells (M cells) 21 more efficiently or it persists in higher numbers within tissues.
As L. murinus and S. pyogenes translocate the NFAE into NALT we tested whether the physical location of CD11c + dendritic cells (DCs) is affected by the presence of bacteria in the nasal passages.
Macro-and microscopic architecture of the nasal-associated lymphoid tissue
A frontal immunohistological section of the mouse maxilla and nasal passages performed between the upper incisors and the first molar teeth reveals two bilateral triangular lymphoid structures cranial to the roof of the oral cavity, located at the junction between the lateral walls and the floor of the nasal passages ( Figure 2 ). These lymphoid structures are covered by columnar ciliated epithelium and Mcells as previously described 21 ( Figure 2a , light gray stain " Ep " ). In the sham-infected mouse the B-cell-rich region containing B220 + follicular cells are generally underlying the NFAE ( Figure 2a , blue stain " B " ). Lateral to the B-cell region, away from the epithelium lays the T-cell-rich region ( Figure  2a , dark gray area " T " ). In OVA + S. pyogenes -infected mice, OVA-specific T cells were detected within the T-cell-rich region of NALT with the anticlonotypic KJ1-26 mAb ( Figure  2b and c ).
CD11c + cells localize under the subepithelial dome of the NALT after bacterial inoculation
CD11c + cells were distributed within the epithelium and in the T-cell-rich region around the B cell follicles in sham control mice ( Figure 3a ) . At 4 days after repeated inoculation of L. murinus or single inoculation of S. pyogenes , CD11c + cells (red stain) were consistently located just below the NFAE ( Figure 3e , arrow 
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no. 1; Figure 3f , arrow no. 2). In mice infected with S. pyogenes the extent of CD11c staining was consistently weaker than in mice infected with L. murinus . Consistent with the behavior of Peyer ' s patches and lamina propria DCs, 22, 23 or even skin DCs, 24 we speculate that S. pyogenes activates CD11c + DCs to migrate out of the NALT into the blood stream or toward draining cervical lymph nodes (LNs). CD11c + cells do not accumulate under the NFAE after delivery of phosphate-buffered saline (PBS) (negative control) but they were uniformly distributed in T-cellrich region where OVA-specific T cells were located ( Figure  3d ). CD11c + and OVA-specific T cells were also detected in the T-cell-rich region of NALT of mice inoculated with L. murinus ( Figure 3e , red and green dots). In mice inoculated with S. pyogenes fewer CD11c + cells were detected in the T-cell-rich region of NALT ( Figure 3f , arrow no. 3). As in the Peyer ' s patches chemokine receptor 6 (CCR6) + CD11c + DCs activate antigen-specific T cells after encountering intestinal pathogens 25 we tested in NALT tissues whether CCR6 + and CD11c + staining colocalize. The NFAE and the epithelium lining the nasal passages expressed significant amounts of CCR6. In infected mice, CD11c + cells were adjacent to CCR6 + epithelial cells in NFAE, but did not precisely colocalize when assessed in adjacent sections ( Figure 3e and h , arrows nos. 1 and 4). We evaluated adjacent sections because CCR6 and CD11c staining protocols are incompatible with sequential staining on the same slide. These data suggest that in NALT a CD11c + DC population that is not CCR6 + migrates under the NFAE when either L. murinus or S. pyogenes are present at the epithelial surface.
L. murinus and S. pyogenes prime epitope-specific CD4 + T cells in the NALT and cervical lymph nodes Using immunohistology we determined that 4 days after initial intranasal priming a higher number of dividing OVA-specific T cells were observed in NALT from mice inoculated with L. murinus or S. pyogenes than NALT from mice treated with 
PBS ( Figure 4a
). In standardized digital images, naive OVAspecific T cells were unequivocally identified because of their yellow secondary color resulting from merging of green 5-(and-6)-carboxyfluorescein diacetate succinimidyl ester (CFSE) fluorescence and red fluorescence signal of anti-clonotypic KJ1-26 mAb ( Figure 4b ) . After a few rounds of division, primed OVAspecific T cells dilute their CFSE content appear primarily red, due to fluorescence from the anticlonotypic KJ1-26 mAb signal. When normalized for the total NALT area, the number of red pixels within NALT is directly proportional to the level of antigen-specific priming occurring in the NALT tissue. Calculations revealed that S. pyogenes and L murinus had induced the proliferation of 48 and 23 % more OVA-specific T cells, respectively, compared to mice treated with PBS just 4 days after bacterial inoculation.
L. murinus primes OVA-specific T cells less efficiently than S. pyogenes
Immunological protection depends on the increased frequency of effector / memory T cells recirculating between tissue and secondary lymphoid organs over time. 26 Intranasal priming with L. murinus or S. pyogenes for 2 days induced proliferation of OVA-specific T cells. Primed OVA-specific T cells were detected in the spleen 21 days after initial immunization using flow cytometry ( Figure 5A ). Significantly fewer OVA-specific T cells had proliferated after L murinus intranasal priming for 2 days than after S. pyogenes ( Figure 5B , gray bars). These data suggest that L. murinus does not penetrate the epithelial barrier as efficiently as S. pyogenes to be presented by antigen presenting cells (APCs) to OVA-specific T cells. Such hypothesis is corroborated by the lower number of L. murinus recovered from NALT ( Figure 1b ). To mimic the persistent colonization of commensal bacteria on mucosal surfaces, 2 × 10 9 L. murinus were inoculated intranasally daily for 14 days. Repeated inoculation of L. murinus significantly increased the frequency of dividing OVA-specific T cells recovered in the spleen ( P < 0.05) to a level similar to the one induced by S. pyogenes inoculated for only 2 days ( Figure  5B , Lm white bar VS. Sp gray bar).
To determine whether bacteria actively cross the epithelial barrier of NALT S. pyogenes and L. murinus were heat-killed and inoculated for 2 or 14 days ( Figure 5C ). Heat-killed bacteria induced significant T-cell proliferation when delivered multiple times. A total of 2 × 10 8 S. pyogenes inoculated for 2 consecutive days were sufficient to induce T-cell proliferation similar to the one induced by L. murinus delivered in 14 consecutive inoculations ( Figure 5C ). These results collectively indicate that S. pyogenes and L. murinus need not to be viable to move across the epithelial barrier and activate CD4 + T cells in NALT. S. pyogenes crosses the epithelial barrier and / or persists in NALT more efficiently than L. murinus resulting in a greater percentage of proliferating antigen-specific T cells. However when L. murinus persists on the epithelium of the nasal passages dead or live, it is processed by NALT APCs and it does activate antigen-specific T cells to a comparable level induced by the episodic encounter with S. pyogenes .
The effects of sustained colonization with L. murinus were measurable in the NALT 9 days after initial inoculation. Figure S2 ) , the total number OVAspecific T cells that had proliferated is greater in CLN than in NALT. This effect was similar across the treatment groups. As predicted OVA + S. pyogenes induced a greater clonal expansion than OVA + L murinus by 9 days after initial inoculation. Among all treatment groups the total number of OVA-specific T cells isolated from NALT 9 days after priming ranged between 3.2 × 10 4 and 1 × 10 5 cells. After L. murinus inoculation half of the total OVA-specific T cells had proliferated ( Figure 6b ). As only a fraction of OVA-specific T cells that had proliferated is expected to express a detectable amount of cytokine after intranasal restimulation with OVA peptide, our system was not sufficiently sensitive to detect a reproducible and statistically meaningful number of effector / memory T cells within the NALT of each mouse.
Nasally primed antigen-specific T cells recirculate through the spleen as effector / memory T cells
The limitations mentioned above led us to study the phenotype of OVA-specific effector / memory T cells in the spleen, compared to NALT, as they recirculate between blood, tissues, and lymphoid organs (reviewed in 26 ). Recirculating effector / memory OVA-specific T cells were detected in the spleen at increasing frequency at 14 and 21 days for each priming bacterium ( Figure  6c ). Only T cell that proliferated the most (i.e., with the lowest CFSE content) recirculate in significant numbers in the spleen. As we previously reported, 27 this indicates that S. pyogenes or L. murinus does not prime T cells directly in the spleen, even when S. pyogenes can potentially be recovered the spleen.
L. murinus and S. pyogenes stimulate differentiation into effector / memory T cells that are not T-regulatory cells
The working hypothesis for this set of experiments was that the commensal L. murinus induces the differentiation of regulatory T cells or effector T cells capable of regulating the inflammatory response, whereas the invasive pathogen S. pyogenes elicits proinflammatory T-cell clones. This hypothesis was tested by priming intranasally with L. murinus and S. pyogenes and then assaying regulatory antigen-specific T cell in the spleen.
With surprise L. murinus or S. pyogenes do not induce the differentiation of central T-regulatory cells (Tregs) ( Figure 7A ). To the contrary, we observed that a fraction of naive OVA-specific T cells do express the two markers identifying Tregs, FoxP3, and CD25 ( Figure 7B , panels a and e upper right quadrants). These two markers disappear in dividing OVA-specific T cells after priming with either bacteria (panels b, c and f, g upper left quadrant) or intravenous soluble positive control antigen 28 To compare the frequency of cytokine positive cells in the effector and naive populations the cytokine gates were set at the upper level of the naive population. There were more effectors than naive T cells expressing intracellular IL-2 3.5 h after in vivo rechallenge with OVA peptide ( Figure 7B , panels j -l, left vs. right quadrants). The same is true for tumor necrosis factor-(TNF ) ( Figure 8A , panels f -h). The most divided cells produce the most cytokine in all treatment groups. This indicates that T cells primed by bacteria intranasally differentiate into effector T cells that produce inflammatory cytokines.
L. murinus and S. pyogenes generated effector T cells that produce and release interferon-(IFN ) and IL-2 ( Figure 8B ) and TNF (data not shown) 2.5 h after in vivo rechallenge with intravenous OVA peptide. Priming with S. pyogenes induced a greater percentage of divided T cells to release IFN than L murinus ( Figure 8B , panel e Ј vs. a Ј ), whereas IL-2 release was comparable ( Figure 8B , panel b Ј vs. f Ј ) . Surprisingly, neither IL-4 and the immunosuppressive IL-10 were detected intracellularly (data not shown), nor released ( Figure 8B , panels e Ј vs. g Ј and d Ј vs. h Ј ) after in vivo rechallenge with OVA peptide in 
ARTICLES
any of the priming condition, except after intravenous priming with OVA and pertussis toxin (positive control).
DISCUSSION
Infections of mucosal surfaces, such as pharyngitis or gastroenteritis affect millions of people worldwide, with extremely high costs to society. 1, 29 Millions of bacteria coat the surfaces of the upper respiratory tract 16 and intestine, 30 making such mucosal surfaces potential portals of entry for diverse microorganisms. To develop efficacious mucosal vaccines, the mechanisms that regulate a protective response at mucosal sites must be better understood (reviewed in 31 ). Like the lymphoepithelial structures of the Waldeyer ' s ring for primates, in rodents NALT is strategically located to sample potential microbes in the air stream coming from the nares 32 and in fluids from the oral cavity accessing the nose through the nasopalatine canal. 33 Therefore, the characterization of memory T cells primed in upper respiratory mucosa is critical to the understanding of a protective adaptive response. In this study we compared whether a virulent pathogen or a commensal generate memory T cell of different phenotype. 
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The data show that despite being inoculated with high numbers, significantly fewer L. murinus were recovered from NALT when compared to S. pyogenes recovery. S. pyogenes translocates, forms microcolonies, 21 and persists into the NALT more efficiently than the commensal L. murinus. These data are consistent with the capacity of S. pyogenes to invade the NALT tissues 21 and provides new information regarding the potential that commensal bacteria have to move across nasal epithelial barriers of the upper respiratory tract, and to stimulate antigen-specific T cells.
At 4 days after inoculation with either bacterium, CD11c + DCs locate at the periphery the B-cell follicles in the subepithelial dome (SED) just below the epithelium of NALT. Surprisingly, naive antigen-specific T cells (CFSE high) did not colocalize with the CD11c + cells in the SED, but were primarily located near CD11c + cells in the T-cell-rich region of NALT. This localization of T cells suggests that antigen presentation is performed by mature myeloid CD11b + CD11c + DCs and possibly by NALT macrophages. Within NALT, CD11b + I-Ad + represent approximately 4 % of total cells. 34 We corroborated this observation with F4 / 80 and CD11c staining in flow cytometry (data not shown).
After the bacterial inoculation, antigen-specific T-cell proliferation initiates primarily in NALT and later in draining CLN as we have previously shown for S. pyogenes . 27 We demonstrate here that the antigen-specific T-cell proliferate (CFSE low cells) in the T-cell-rich region of the NALT as soon as 3 days after mice were infected with either L. murinus or S. pyogenes . This localization of proliferating T cells in secondary lymphoid organs is consistent with our study of mesenteric LN during Salmonella typhimurium infections. 35 By 9 days after initial inoculation there has been significant T-cell proliferation in NALT and in CLN in mice inoculated with either bacterium. L. murinus induced significantly lower T-cell proliferation than S. pyogenes , particularly in the CLN. This difference can be explained by a lower number of L. murinus crossing the epithelial barrier and / or more rapid clearance from NALT. Nonetheless, as both bacteria induce T-cell proliferation we concluded that both microorganisms are processed by APCs and presented locally to antigen-specific T cells after translocating or invading across the epithelium.
After activation, antigen-experienced T cells recirculate between blood, tissues, and secondary lymphoid organs 36 and at anyone time a fraction of such T cells can be recovered as central effector / memory T cells recirculating to the spleen. We show that by 21 days after initial inoculation, OVA-specific T cells recirculate to the spleen as memory T cells, capable of releasing cytokines upon restimulation with the OVA epitope.
The data indicate that persistent intranasal colonization by commensals or episodic infections by pathogens induce nasal APCs to stimulate antigen-specific T cells to proliferate in NALT and CLN and then recirculate as antigen-experienced T cells in the spleen.
Mucosal surfaces are surprisingly free of inflammatory infiltrate despite the proximity with high numbers of microbes. 16, 30 We tested the hypothesis that commensal microorganisms induce the differentiation of regulatory T cells capable of dampening inflammation of the submucosal and detrimental cell-mediated responses during infection. 37 Expression of CD25 and FoxP3 is absent on T cells from naive transgenic DO11.10 donor mice, but become significant 21 days after T-cell-adoptive transfer into uninfected recipient BALB / c mice ( Figure 7B , panels a and e). Preliminary evidence suggests that this change is related to low-affinity interactions with crossreactive T-cell epitopes present in the intestine of BALB / c mice (data not shown). Surprisingly, however, when T cells were efficiently primed and begin to divide in the NALT, neither S. pyogenes , nor L. murinus induce the differentiation of antigen-specific CD25 + FoxP3 + regulator y T cells that can be recovered as recirculating T cells in the spleen. Although unlikely, it is possible that regulatory T cells are generated locally and remain in the NALT.
Commensal and probiotic microorganisms residing within mucosal microbiota are hypothesized to induce immunosuppressive and / or regulatory cytokines that support the generation of secretory immunoglobulins. Consistent with the work of Mohamadzadeh et al ., 38 we demonstrate that the commensal L. murinus and the pathogen S. pyogenes induce antigenexperienced T cells that when residing in the spleen can be restimulated to release primarily proinflammatory. The dividing antigen-specific T cells recovered in the spleen were surprisingly all CD25 negative but expressed IL-2, TNF , and IFN . Unlike IL-2, the expression of TNF and IFN in particular is attributable to T cells that have divided the most. Surprisingly, none of the T helper 2 (Th2) cytokines, IL-5 (data not shown), IL-4 were expressed intracellularly or released after intravenous OVA peptide restimulation. The frequency of T cells expressing IL-10 was inconsistent across repeated experiments and extremely low at best. Collectively, these findings are important because they suggest that the commensal L. murinus as well as the pathogen S. pyogenes induce the differentiation of effector / memory T cells of similar Th1 phenotype rather than T cells with regulatory or suppressive phenotype. This finding becomes important in light of potential use of commensal microorganisms to treat atopic diseases. 39, 40 L. murinus crosses mucosal barriers, it remains localized in mucosal lymphoid organs, does not spread to distant sites inducing disease, but rather elicits an antigen-specific CD4 T-cell response potentially capable of inhibiting Th2-mediated atopic responses. Although the mechanisms of antiallergic effects elicited by probiotic microorganisms remains unclear, 41, 42 our study provides data in favor of a Th1 response induced by multiple inoculations of Lactobacilli that could be potentially exploited to counteract atopic responses.
After S. pyogenes infection the protective role of proinflammatory cytokines like IFN or TNF is controversial depending on whether the innate or adaptive response is considered. IFN released by NK cells during acute intravenous Group A Streptococcus (GAS) infection induces rapid shock and death of C3H / HeN mice, whereas lack of NK cells and low IFN is protective. 43 Similarly, after intranasal infection with S. pyogenes , IFN prevents clearance of GAS in NALT and increases dissemination to CLN of C57BL / 6 mice (K .  Highland, personal communication) . Alternatively, in a skin ARTICLES infection model S. pyogenes inoculation is lethal for 50 % of C57BL / 6 mice within 4 days when IFN is completely absent or neutralized with circulating mAbs. 44 It is possible that these contrasting results are related to the mouse strains nonetheless the release of IFN in a secondary adaptive response may have a differential protective impact against a L .murinus or S. pyogenes . Therefore, it appears that the despite the characteristics of the microbe, commensal or invasive pathogen, once the microorganism crosses the nasal mucosa in sufficient numbers the Th1 adaptive response that is generated is effectively controlling L. murinus but is unable to protect against the invasive S. pyogenes .
To conclude, we demonstrated that L. murinus and S. pyogenes translocate and persist across the epithelium with different efficiency, are processed locally possibly by CD11c + DCs that are not CCR6 + , and presented to antigen-specific T cells. After priming the antigen-specific T cells divide locally and in the CLN then migrate to the spleen as central effector / memory T cells. In the spleen regardless of the priming microorganism, these antigen-experienced T cells are not regulatory T cells, but after antigen restimulation release proinflammatory rather than immunosuppressive cytokines. These are important findings particularly for L. murinus where the proinflammatory response could be potentially used not only in antiallergy protocols 41 but also as a safe carrier of immunodominant epitopes in intranasal vaccines. 45, 46 METHODS Bacteria S. pyogenes strain 90 -226 was engineered to express the chicken ovalbumin 323 -339 peptide by chromosomal allelic replacement on the bacterial surface as a fusion protein with streptococcal M1 protein as described in ref. 27 L. murinus was isolated from the small intestine of a BALB / c mouse and speciated through 16sRNA sequencing (accession no. AF157049). In L. murinus the OVA sequence was engineered on a truncated nonpathogenic form of M1 protein and expressed by a derivative of plasmid vector, pIL252, named pLM1 54-215:OVA. Expression of the fusion proteins M1-OVA on the surface of S. pyogenes or M1 54-215-OVA on L. murinus was best in log phase as confirmed by fluorescenceactivated cell sorting (FACS) using the anti-M1 C-repeats, mAb 10B6, kindly provided by Vincent A. Fischetti, Rockefeller University, NYC, NY ( Supplementary Figure S1A and S1B ). As L. murinus expresses approximately 10 times less M1-OVA fusion protein during log phase than S. pyogenes ( Supplementary Figure S1B ) , to approximate similar delivery of OVA epitope we inoculated one log more L. murinus CFUs at each single inoculation.
Mice . DO11.10 TCR transgenic mice were bred in a specific pathogenfree facility according to the National Institutes of Health guidelines and screened as previously described. 20 Recipient BALB / c mice were purchased from Taconic Farms and housed after infection in a biosafety level 2 facility.
Adoptive transfer of DO11.10 T cells . Spleen and LN cells were harvested from DO11.10 transgenic mice and labeled in Hank ' s buffer salt solution (HBSS) containing 7.5 M CFSE at 37 ° C for 10 min as described in ref. 47 A total of 3 × 10 6 TCR transgenic T cells were adoptively transferred into recipient BALB / c mice through the lateral tail vein. The frequency of TCR transgenic T cells was determined with anti-CD4 mAb and antitransgenic TCR mAb KJ1-26 (Caltag Laboratories; Invitrogen, Carlsbad, CA) as previously described. 19 Intranasal bacterial priming and antigenic rechallenge . At 24 h after adoptive transfer of T cells, mice were anesthetized with a 1:1 oxygen -isofluorane mixture for 2 min and inoculated intranasally with either 2 × 10 8 OVA + S. pyogenes, or wild-type S. pyogenes , 1 -2 × 10 9 OVA + L. murinus or OVA − L. murinus or 10 -15 g of OVA peptide or PBS. To mimic persistent colonization, L. murinus was inoculated every day to a maximum of 14 consecutive days whereas S. pyogenes was inoculated once or for 2 consecutive days. According to the specific experiment L. murinus was inoculated for 3, 9, or 14 days. In selected experiments OVA + S. pyogenes was heat-killed at 65 ° C for 1 h before intranasal inoculation ( Figure 5C ). All antigens were delivered in 7.5 l of PBS per nostril to avoid inoculation of the lungs. In experiments assessing cytokine expression, positive control animals were primed intravenously with 100 g of OVA peptide plus 50 g of LPS from E. coli J5 (List Biological Labs, Campbell, CA). On days 18 -21 after initial inoculation effector / memory OVA-specific T cells were restimulated intravenously 100 g of OVA peptide in 0.25 ml of PBS. Spleen cells were harvested 2.5 -3.5 h after intravenous restimulation for assessment of intracellular expression and release of cytokines. The kinetics of T-cell priming and proliferation was determined by harvesting NALT, CLN, and spleen at 3, 9, 14 -17, and 18 -21 days after initial intranasal inoculation ( Figure 1 ).
Recovery of bacteria from NALT tissues . At 4 days after S. pyogenes and 24 h after the last of three L. murinus inocula, NALT tissues were harvested as previously described. 34, 48 Briefly, the hard palate was dissected as part of the tissues forming the base and the lateral walls of the nasal cavities ( Figure 2a ). Specimens were weighed, rinsed in PBS to remove contaminating blood, and disrupted over a nylon mesh. Singlecell suspensions serially diluted and plated on sheep blood -Todd -Hewitt yeast or lactobacilli-selective deMan -Rogosa -Sharpe (MRS) agar plates containing 5 g / ml erythromycin for 24 h at 37 ° C.
T-cell proliferation assessment . Mononuclear cells from NALT, cervical LNs, and spleens containing CFSE-labeled DO11.10 cells were washed in HBSS containing 2 % fetal bovine serum (FBS) (Atlanta Biologicals, Norcross, GA) and 0.05 % sodium azide and incubated on ice for 30 min in the presence of Fc block (spent 2.4G2 culture supernatant, 2 % rat serum, 2 % mouse serum, and 0.01 % sodium azide) and primary antibodies: PerCP / Cyanin (Cy) 5.5-conjugated anti-CD4 (eBioscience, San Diego, CA), biotin-conjugated KJ1-26 mAb, followed by allophycocyanin (APC)-conjugated streptavidin. All samples were fixed with 1 % formaldehyde in PBS. Single-cell data were collected using a FACScalibur (BD Biosciences, San Jose, CA) and CFSE dilution profiles of CD4 + KJ1-26 + cells were analyzed using CellQuest (BD Biosciences) or FlowJo software (TreeStar, Ashland, OR). We designed a subgating strategy to detect adoptively transferred antigen-specific T cells ( Figure 5A ), where CD4 + cells were identified within a lymphocyte gate ( Figure 5A , panel a) . CD11b + CD11c + DCs, CD8 + T cells, or CD45R + (B220) B cells were excluded from the CD4 + cells population ( Figure 5A , panel c) . In the CD4 + lymphocyte population, adoptively transferred OVA-specific T cells, were identified using the KJ1-26 mAb ( Figure 5A , panel d) . Within the CD4 + , KJ1-26 + T-cell population we determined the percentage of cells that had proliferated by analyzing their CFSE dilution profile ( Figure 5A , panel e). The fraction of proliferating T cells (M1 gate / M2 gate × 100) defines the extent of antigen-specific T-cell activation induced by the antigens delivered intranasally. 
biotin-conjugated KJ1-26 mAb, PerCP-conjugated anti-CD4 (BD Biosciences), Pacific orange-conjugated anti-CD8 and anti-CD45R, and APC-conjugated anti-CD25 (eBioscience), cells were washed and resuspended at 10 7 cells in 100 l MACS buffer containing 10 l streptavidinconjugated paramagnetic beads (Miltenyi Biotec). Immunomagnetically labeled cells were loaded on positive selection MS columns at 2 × 10 7 cells / ml following manufacturer ' s instructions (Miltenyi Biotec). Magnetically retained cells (positively selected) were eluted when removed from magnetic stand (QuadroMACS; Miltenyi Biotec) and stained with phycoerythrin (PE)-cyanin7 (Cy7)-conjugated streptavidin. Samples were fixed with an ethanol based ( " FoxP3 Staining Buffer Set " cat. no. 00-5523; eBioscience) or a formaldehyde-based fixation buffer (eBioscience; cat. no. 00-8222). Buffers used for intacellular staining of FoxP3 are incompatible with intracellular staining of cytokines. Cells were treated with FoxP3-permeabilization buffer (eBioscience; cat. no. 8222) or a 2 % saponin permeabilization buffer (eBioscience; cat. no. 8333) and incubated with APC-or PE-conjugated anti-FoxP3 (mAb FJK-16s) or PE-conjugated anticytokine mAbs. Proliferation, intracellular cytokines, and FoxP3 expression data were collected by using an LSR II cytometer (BD Biosciences) using the gating strategy shown in Figure 5A .
Cytokines secretion assay . At 2.5 -3.5 h after intravenous restimulation with 100 g of OVA peptide, spleen mononuclear cells were concentrated to 10 8 cells / ml in complete Eagle ' s -Ham ' s amino acids (EHAAs) (EHAA medium supplemented with 5 % murine serum, 2 m M L -glutamine, 100 U / ml penicillin G, 100 g / ml streptomycin, 20 g / ml gentamicin, and 0.05 m M 2-mercaptoethanol) containing a dimeric antibody molecule ( " Catch Reagent " ; Miltenyi Biotec). The dimeric antibody is tetravalent. Half of this dimeric antibody molecule binds to CD45 on the surface of each bone marrow-derived cell and the other half of the molecule is specific for the cytokine of interest: IL-2, IL-4, IL-5, IL-10, IFN , or TNF . After 10 min incubation on ice, cells were washed, diluted 100 times to prevent cytokine cross-capture between cells and incubated at 37 ° C in prewarmed complete EHAA for 60 min with gentle rocking to allow secretion and capture of cytokines by the dimeric antibody according to manufacturer ' s instructions (Miltenyi Biotec). Cell suspensions were chilled on ice, concentrated to 10 8 cells / ml, preincubated with unlabeled anti-CD16 / 32 (Fc Block) for 15 min, and subsequently with a PE-conjugated rat IgG isotypes or anti-IL-2, IL-4, IL-5, IL-10, IFN , or TNF secondary detection mAb, biotin-conjugated mAb KJ1-26, PerCPconjugated anti-CD4, Pacific orange-conjugated anti-CD8, anti-CD45R and anti-CD11c, and APC-conjugated anti-CD25. All samples were then processed for immunomagnetic-positive selection and detection of KJ1-26 + cells by streptavidin-conjugated paramagnetic beads followed by PE-Cy7-conjugated streptavidin as described above. All cytokine release samples were fixed with 1 % formaldehyde in PBS and data collected an LSR II cytometer.
Immunohistology . At 4 days after initial intranasal-antigen inoculation of adoptively transferred BALB / c mice, the anterior maxilla and nasal cavities were dissected, fixed overnight in 1 % paraformaldehyde, decalcified in 10 % EDTA for 7 days, washed with 30 % sucrose in PBS, and flashfrozen in OCT embedding medium (Tissue-Tek, Hatfield, PA). Tissue sections (10 m) were cut with a cryostat (Leica CM3050), and stored at − 20 ° C. Sections were rehydrated in PBS, treated with 3 % H 2 O 2 to inhibit endogenous peroxidases, and blocked with anti-CD16 / 32 (mAb 2.4G2) and Avidin / Biotin Blocking (Vector Laboratories, Burlingame, CA) for 15 min each as described in ref. 49 DCs were detected in tissue sections by sequential addition of biotin labeled anti-mouse CD11c or rat IgG1 isotype control (Caltag Laboratories) in Tris-NaCl 2 buffer (TNB) for 1 h, washed in Tris-NaCl 2 Tween 20 (TNT) buffer, incubation with streptavidin -horseradish peroxidase (Perkin-Elmer, Waltham, MA) for 30 min. The signal was finally amplified with tyramide-conjugated cyanine 3 (tyramide-cyanin3 (Cy3)) (Perkin-Elmer) for 5 min. Slides were subsequently incubated again in 3 % H 2 O 2 for 1 h to quench horseradish peroxidase activity. DO11.10 T cells were detected on the same slide by sequential addition of dioxygenin-labeled KJ1-26 mAb (courtesy of Marc Jenkins, University of Minnesota) or IgG2a isotype control (eBioscience), peroxidase (POD)-conjugated antidioxygenin (Roche Applied Science, Indianapolis, INA) and finally the signal was amplified with tyramideconjugated cyanine 5 (tyramide-cyanin5 (Cy5)) (Perkins-Elmer) for 5 min.
To detect CCR6 + cells, adjacent sections were blocked with 5 % goat serum in PBS for 20 min and incubated with rabbit anti-mouse CCR6 (Santa Cruz Biotechnology, SantaCruz, CA) for 2 h. Signal was revealed by biotin-labeled goat anti-rabbit IgG, followed by streptavidin-conjugated Cy3 for 15 min. Lastly, B-cell follicles were identified in all tissue sections by FITC-conjugated anti-CD45R. Slides were mounted by using Vectashield (Vector Laboratories) to preserve fluorescence and the images acquired by using a Bio-Rad (Hercules, CA) MRC-1000 confocal microscope equipped with a krypton / argon laser (Bio-Rad). Separate green (FITC), blue (Cy3), and far-red (Cy5) images were collected for each section analyzed. Final image processing was performed by using ImageJ software ( www.nih.gov ) and Photoshop (Adobe, San Jose, CA).
SUPPLEMENTARY MATERIAL is linked to the online version of the paper at http://www.nature.com/mi
